Photosynthetic reaction centers were immobilized onto gold screen-printed electrodes (Au-SPE) 10 using a self-assembled monolayer (SAM) of mercaptopropionic acid (MPA) which was 11 deliberately defective in order to achieve effective mediator transfer to the electrodes. The pure 12
Introduction 30
Biosensing, one of the many possible practical applications of biomolecules, requires the 31 controlled immobilization of biomolecules in close contact with electrochemical transducers. 32
Self-assembled monolayers (SAM) provide a unique tunable platform since the thickness of the 33 organic layers and surface properties are adjustable to suit different sensing applications [1] . The 34 organic molecules forming SAM feature different anchor groups that can be used to attach 35 various classes of biomolecules [2]. They also provide some level of control over packing 36 density at the surface [3] . Generally, use of SAMs allows the biochemical reaction to proceed in 37 a more controlled manner thus enhancing biosensing parameters [4] . 38
One common approach towards selective herbicide detection is based on the use of 39
antibodies [5] . However, generation of antibodies against small molecules is tedious and time 40 consuming process, and requires animal models to raise the antibodies. Antibody-based detection 41 may also face problems due to cross-reactivity of antibodies with similar compounds [6] . 42
Antibodies are fairly large objects, especially compared to small herbicide molecules; 43 additionally, blocking in immunoassays is a complex problem that has to be addressed before 44 any useful data is obtained. Summarizing, there is an apparent need to continue looking for 45 alternative approaches, one of them being to employ the natural photosynthesis machinery for 46 detection purposes. Photosynthetic biosensors are capable of detecting a broad spectrum of 47 .7 deionized water and dried with nitrogen. For AFM investigations (see Sections 2.4 and 3.2), the 120 SAM was formed not on a screen-printed electrode but on gold substrate (100 nm thickness) 121 prepared by electron beam evaporation on a silicon dioxide chip with a 5 nm titanium stick layer. 122
The gold surface was cleaned in a piranha solution (mixture of 3:1 of H 2 SO 4 and H 2 O 2 ) for 30 123 min before deposition of SAM. 124
After SAM formation, the electrodes were treated for 10 minutes with a mixture of NHS 125 and releasing isourea by-product [27] . A further incubation (6 hours at 4 C in the dark) was 131 carried out with the PS II particle suspension. The electrodes were carefully washed in MES 132 buffer and dried with nitrogen after each incubation step. 133 134
Photo-electrochemical Measurements

135
Gold screen-printed electrodes were purchased from DropSens Inc. (model DRP-220. 136
The electrode assembly consists of a gold working electrode (area 12.57 mm 2 ) and a gold 137 counter electrode. The reference electrodes and electrical contacts were made of silver and 138 screen printed on a ceramic substrate 3.4 x 1 x 0.05 cm (length x width x thickness). All potential 139 values are reported with respect to silver pseudo reference electrode. The electrochemical 140 .8 response of the electrodes with and without immobilized material was investigated using the CHI 141 630C electrochemical workstation. 142
The schematics of the biosensor are presented in Figure 1 . For amperometric detection of 143 photosynthesis inhibitors the I-t curves were measured at room temperature, with 50 μl droplets 144 of the measuring buffer placed onto the working area covering the three electrodes. Duroquinone 145 (DQ; 0.2 mM) was used as a mediator in these experiments and, respectively, the working 146 electrode was polarized at 0.62 V [16, 28] [16, 28] . A 7 mW laser diode with 675 nm wavelength (near the peak of 152 the PS II Q y absorption band) was used for illumination. In the absence of light only small dark 153 current is registered. Illuminating the sensor leads to a significant increase in the detected current 154 which is due to light-induced charge separation in the PS II. Turning the light off results in the 155 return of the current to the pre-illumination levels (See also sections 3.1 and 3.3). Addition of 156 photosynthesis inhibitors results in a decrease of the magnitude of the photo-induced current 157 peak. [Suggested location of Fig.1 
Electrochemical and photo-electrochemical characterization
169
The gold screen printed electrodes were used for thiol films formation. Not many reports 170 have previously focused on thiol-Au films formation on screen printed electrodes; notable 171 exceptions include [29, 30] . Our goal was to form a non-insulating SAM (that would allow free 172 movement of the mediator to the electrode surface) using short chain alkanethiols. It is well 173 known that as the chain length decreases, the degree of order of SAM's decreases as well, 174 together with the packing density and surface coverage [31] . The well-known redox curve of 175 potassium ferrocyanide on gold electrode surface is presented in Figure 2 
Atomic force microscopy of surfaces 210
The photocurrent generation properties observed using duroquinone as a mediator were 211 significantly different for BBY particles and PS II core preparations. AFM investigation allowed 212 us to shed more light on the possible reasons of these differences. The AFM imaging was 213 conducted using flat evaporated gold surface rather than the surface of the screen-printed 214 electrodes. Thus, we managed to elucidate the fine details of SAM formation and photosynthetic 215 material binding which could otherwise be partially masked by the higher surface roughness of 216 the screen-printed electrodes. According to SEM images presented at manufacturer's website 217 (http://www.dropsens.com), the surface of the screen-printed electrodes used in this work features 218 granules of the size of ~ 2 m, not very suitable for detailed AFM investigation. On the other 219 hand, this is at least an order of magnitude larger than features described below. Thus, we 220 believe that the details of SAM formation and PS II immobilization do not differ drastically 221 between evaporated gold surface and screen-printed electrode. The quality of the SAM and of 222 the bio-layer can be characterized by root mean square (RMS) roughness. Table 1 summarizes 223 the RMS roughness values for bare surface as well as the surfaces after various modifications. 224
The RMS roughness for the bare gold surface was 1.05  0.1 nm. The deposition of the SAM 225 led to a small increase in the surface roughness to 1.85  0.25 nm. Figure 4 shows the AFM 226 images of the bare gold surface and the MPA SAM on the gold surface. The topology of a nicely 227 formed SAM almost perfectly follows the gold layer's corrugation, although defects in SAM 228 such as cracks or patches would contribute to an increase in RMS roughness [36] . The 229 immobilization of the photosynthetic complexes leads to a significant increase of the roughness. 230
The RMS roughness increases to 21.9 nm with the immobilization of PS II core particles and to 231 preparation, in our case, was ascribed to the higher protein density, in agreement with the results 256 of other researchers who found high protein densities to be a limiting factor in the performance 257 of biosensors [41] [42] [43] . It is also possible that detergent micelle, as opposed to native thylakoid 258 membrane present in BBY particles, is preventing the access of the mediator to the Q B site. 259
In the case of BBY particles the membrane fragments successfully immobilize on the 260 surface but not in an ultra-dense manner. The image in Figure 5B shows heterogeneous features. preconditioning phase of about 10 minutes was required before the photocurrent from a fresh 287 biosensor became stable. A droplet (50 µl) of measuring buffer containing the mediator was 288 allowed to spread over the electrodes covered with immobilized PS II and the photocurrent 289 generated from the biosensor was measured for illumination time of 10 sec after 10 min of 290 incubation. The biosensor was then subjected to successive droplets containing increasing 291 concentrations of the herbicide and the light-induced current was measured, again after 10 min of 292 incubation. In between applying different herbicide concentrations the sensor surface was 293 washed with excess of measuring buffer (including DQ) to remove the herbicide. Each 294 measurement was recorded three times at the same concentration of the analyte (using fresh 295 droplets) to check for reproducibility. 296
The data for different analytes was plotted as residual activity versus concentration (on a 297 logarithmic scale), Figure 7 . The residual activity is the activity of the biosensor in percent after 298 addition of the inhibitor; it is equal to the ratio of photocurrents in the presence and in the 299 absence of the inhibitor. Experimental data were fitted to a logistic equation describing a 300 sigmoidal binding curve. 301
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Here Max is the maximal activity before adding any analyte and Min is the minimum residual 304 activity, when sensor is saturated by the inhibitor; H is the Hill slope, and x is the inhibitor 305 concentration. The IC50 is the point midway between top and bottom of the sigmoidal curve. 306
The assumption behind the use of this curve is that the mediator and the inhibitor bind 307 competitively to one and the same site on the PS II. The limit of detection, LOD, was calculated 308
see [28] . The factor of 2.6 corresponds to 99% confidence interval. Picric acid can be classified 311 as nitrophenolic herbicide according to its chemical structure and has been employed in research 312 on the feasibility of the PS II-based biosensors for explosives detection [28] . It has been 313 previously described to be an inhibitor of PS II in photosynthetic electron transport [44] . The 314 curve shifts towards higher concentrations for the picric acid in comparison to atrazine, 315 indicating a lower degree of picric acid binding to the Q B site. The fit parameters are presented 316 in Table 2 . The IC 50 for picric acid is 15 times higher as compared to atrazine which signifies a 317 lower affinity of picric acid for the Q B binding site in comparison to triazine-type herbicides. The 318 developed assay showed an excellent dynamic response range between 1 nM to 1 µM for 319 detection for atrazine and LOD is 1.15 nM indicating its potential application for environmental 320 analysis. In repeated experiments, the reproducibility (coefficient of variation) of the sensor for 321 n=3 measurements was 5 %, for 10 nM atrazine concentration. The LOD of different atrazine 322 sensors reported in the literature are summarized in Table 3 chitosan film the LOD of 21 nM can be achieved [46] . It is important to point out that just like 331 most reported PS II-based herbicide biosensors [12, 16, 28] , the one reported in this work is not 332 capable of distinguishing between different inhibitors without a priori knowledge of either the 333 nature of an inhibitor or the concentration. Thus, in its present form the biosensor is most 334 suitable for non-selective early-warning type applications. However, the use of genetically 335 modified PS II promises to allow better selectivity [18] . 336
The main advantage of using SAM as compared to a matrix system is that due to smaller 337 biomolecule-to-electrode distance and to the absence of matrix which slows down the diffusion 338 of both analyte and the mediator, the equilibration and response times as well as the recovery 339 times are decreased, leading to lower illumination time being necessary. The peak response at 340 complete inhibition is near zero. It is possible to completely restore the signal by washing the 341 sensor with measuring buffer. The regeneration of the biosensor after experiments was almost 342 100% effective, in agreement with the results of [16] . It is also possible to reuse this sensor after 343 storage at 4º C within several hours, although within 24 hours the current drops substantially. 344
Longer-time storage of prepared sensors without loss of activity is possible at 80º C. 
